Arch. Environ. Contam. Toxicol. d&, 559-566 (2005)
DOL: 10.1007/500244-304-43] 33-x

ARCHIVES OF
nvironmental
ontamination

snd Toxicolagy

© 1003 Spcingec Scioncorazionas Media, Inc,

Perfluorinated Compounds in Aquatic Organisms at Various Trophic Levels in a

Great Lakes Food Chain

Kurunthachalam Kaoran,' Lin Tao,! Ewan Sinclair,' Stephaais D. Pastva,” Dave J. Jude,” John P, Gicsy®*
ep.

! Wadsworth Center, New York Stare Deperiment of Health and Deparanent of Envicoamental Health and Toxicalogy, School of Public Healdy, Stare
Uiversity of New York ac Albany, Empire State Plazs, PO Box 509, Albimy, New Yark 17201-0508, USA

# National Food Satery and Toxicology Cuemer, Deparuncne of Zoolopy, Center for Inwegrative Toxicology, Michignn State Universiry, Bost Lansing,

Michigan 48824-1311, USA

? School of Nameal Resources and the Environment, University of Michigan, 501 East University, Ann Arbor. Michigan, USA
* Deparment of Biology and Chemismy, City Univesity of Hong Kony, Kowloon, Hong Kong

Rccci'v:—at.]:.fﬁ Thoe i004 /Acccéled: 20 Aug'{.lsr 2004

Abstract.  Trophic transfer of perfluorooctanesulfonate
(PFOS) and other related pecfluorinated compounds was
cxamuned in a Great Lukes benthic foodweb including water—
Agae~zebra mussel-round goby—smailinouth bass. In addirion,
perflucrinated compounds were measured in livers avd egas of
Chinook salmon and lake whitsfish, in muscle tissuc of carp,
and in cggs of brown trout collected [Tom Michigan, Similatly,
green frog livers, snapping tartle plasma, mink livers, and baid
cagle tssues were snulyzed to determine concentratons in
higher nophic-level orgunisms in the food chain, PFOS was
the wmost widely detected compound in benthic orgunmisms ac
various wophic levels. Concentrations of PFOS In benthic
invertebrates such as amphipods and zcbm rmussels werc
approximately 1000-fold grearer than those in surrounding
watar. which suggested a bioconcentation factor (BCF; con-
centration in biota/concentration in water) of 1000 in benthic
invertebrates. Concentations of PFOS in round gobies werce
two- to fourfold greater than those in their prey orgamisms such
as zcbm manssels and amphipods. Coacenrrations of PFOS in
predatory Gshes (Chinook salmon and lake whitefish) were 10
1o Z0-fold grearer than those in their prey species. Concen-
trations of PFOS in mink and bald cagles were, on average; S-
o 10-fold greater than those in Chinook salmon, carp, or
snapping turtles. Because of the accurnulaton of PEOS in liver
and blood, the biomagnification factor (BMF) of pertluori-
nated compounds in higher trophic-level organisms such as
sulmonid fishes, mink, and eagles were bused on the concen-
trations jn livers or plasma. Overall, these results sugpest 4
BCF of PFOS of approximately 1000 (whole-body bused) in
benthic inverichrates, and a BMF of 10 tq 20 in mink or bald
cagles, relative to their prey iftems. Eggs of fish contined
notable concentradons vl PFOS, suggestng Ovipurous transfer
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of this compound. PFOA was found in water, but {ts bio-
maguification potential was lower thar that of PFOS.

Perfluorooctane sulfonate (PFOS), a fluctnuted organic con-
taminant, has been the subject of many recent invesdgations
(Hansen er al. 2001; Kannan er al, 2001a,b; Kaman er al.
20022.b,¢,d; Moody er al. 2002; Van de Vijver er al. 2003;-
Martin er al. 2004; Stock er al. 2004). Widespread distriburion
of PFOS in wildlife tissaes collected from several regions of the
globe has been reported (Giesy and Kannan 2001, 2002; Martn
er al. 2004). Additional perfluorinated organic contiminants,
such as perfluorobexanesnlfonate (FFHS), perfluorooctanoate
(PFOA), and pexfluotooctanesulfonamide (PFOSA) bave been
reported 1o oceur in the environment, although at lower con-
centmarions and frequencics than PFOS. Earlicr studies have
suggested that concentradons of PFOS tend to be higher in
predatory organisms than in lowsr trophic-level orgenisms of
aquatic food chains (Kannan er al. 2002c). For instagce, fish-
eating birds (e.g., bald eagles) and mammals (c.g,, taink)
contained sorne of the highest concentrations of PEOS Tepored
thus far. Nevertheless, earlier studics meysuting concentrations
of PFOS in biota have focused primarily on higher wophic-level

, organisms, Sdies repdrting the vecurrence of PFOS in aquaric

organisms at lower trophic levels in a fond chain arc scanty. In
order 1o detennine the biomagnification poteatal of PFOS in
aquatic food webs, we meed 1o measure concentrations in
organisms al various trophic lovels. In this study, we have
measured concentrations of PFOS, PFHS, PFOA, and PFOSA
in water, benthic aluue, amphipods. zebra mussel (Drefssenc
pelymorpha), crayfish, round gobles (Neogobius melanosty-
rmues), and smallmouth bass (Micreprerus dolomicui) collcctad
from theee vetine locations, This Tepresents a chamcteristic
benthic food chain of the Grear Lakes since the invasion of the
Great Lakes by zebra mussels in the late 1980s; and by round
gobies in the early 1990y (Hanari r al. 2004).
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Amalysis of pexfluccochemijcal concentrations in water—
algac—zebra mussels-rouad pobles—smallmonuth hass—can
provide information on the food-chain rransfer of these
compounds to higher trophic-level orgunisms. Zebra mus-
sels can sequester contaminsnts by ingesting algae and
other suspended materials, or directly [rom water (Beuner
«f al. 1994), Round pgobics generally ear zebra mussels
ranging in size from 3 w 12 mm (Jude er al. 18935). In
particnlar, small round gobies (< S0 mm standard length)

feed primarily on benthic arthropods such as amphipods,

whereas the diet of larger gobies is composed primarily of
zebra mwssels. In addidon, crayfish have been found o
consume zebra pussels in laboratory studics (Martin and
Carkum 1994). Round gobies age prey species for scveral
game fish speeies, including smallmouth bass and brown
trout (Salmo trutra). Smallmouth bass from Cahumer Hare
bor, the St. Clair River, and western Lake Erie have been
“shown 1o prey on round gobies (Savitz er al, 1996).

In additon to the benthic . invertebrates and forage Gsh
species, tissues of Chinook salmon (Oncorkynchus sshawyrs-
cha), lake whitefish (Coregonus clupeaformiis), brown trour,
carp (Cyprinus carpio), green frogs (Rana clamitans), snap-
ping tucles (Chelydra serpentina), bald eagles (Haliaeerus
leucocaphalus), and mink (Mustela vison) collected from
various locations in Michigan were also analyzed for deterw
mination of the concentrations of perfluorinated compounds in
higher trophic-level organisws of the Great Lakes food chain,
Mink are camivores and primarily feed op small mammals,
birds, frags, crayfish. fish, lizards, small suukes, and insects.
The bald eagle’s diet consists of fish, wrtles, waterbieds such as
ducks, small mammals such as muskrars, and snakes. Snapping
turdles eat algae, aquatic insects, small fish, frogs, snails, and
young waterfow], .

Materials and Methods

Sampling

Biotic samples were collecred from several nvers in Michizun 7nd in
the Calumet River in Indians, USA, during 19982001, The sampling
lorations are shewm in Figure 1. Renthic algac, amphipeods, zebra
mussels, cayfish, round gobics, and smallmouth buse were collected
trorm various locations within 1 km of the Raisin River mouth to Lake
Erie, and from rhe St. Claic River ac its contiuence with e Belle
River, at Marine City, and at Algopue, Michigan, The benchic

K Kamnan er ol

orzanisms were also collected from the Calumet River at its confia
ence with Lalce Michigan in Indiona, All of the biotge samples were
collected during Tuly 1o November, 1998 and 1999. Water samples
were collected from «the St Clair and Raisin Rivers in 2001 ar the
locadons where bearhle orspnisms had been collected, No warer
sumples were collected from the Calumer River,

Several hundred zebra mussels were collected from rucky substrata
at euch location by snorkeling or scuba diving, Fishes weee colleoted
by seining or by elecrroshocking, Amphipods were callected by
Trning over rocks and using foreeps to eollect individual orgunisms.
Beuthic algac wers colleeted by scraping hard surfaces with a clean
toathbrush (for noufilamentous forms), ar by hand-picking tufts of
filamencous algac. Skinless flles were aualyzed for stmallmouth bass,
wherteas the wholc hady was apalyzed for roumnd gobics. Soft issues of
zebra mussels were analyzed. Tissucs tom several individuals per
speeies (including fish) were pooled 1o obtain an adequate mass for
exmuction. Length of each individunl fish was measured immediarel Y
after collection, and individuals were pooled on te basis of sizes foc
analysis (Table 1),

A few higher trophic-level fishes such ae Chinook salmon, lake
whntefish, brown trout, and carp wer: also collected from Michigan
waters in 1999 and 2000. Liver and egg samples were obmined from
these fishes for analysis. Muscle tisue wos analyzed for carp, Plasma
from soapping wales collested from Macomb Couaty, along Lake
SL. Clair, in Jyne 1999, was analyzed. All of the turdes were adults, A
large mass of eggs was found in all female oirtles. Livers from adult
green frops collected in 1998 from the vicinity of Calldus Dam on the
Kalamazoo River in southwestem Michigan were analyred. Livers
were analyzed from mink collected by trappers from the Kalamazoo
River watershed in 2000~2001.

Carcusses of bald eagles that weee fonnd dead i the Upper Pen-
insula of Michigan in 2000 were collected by or submitted to Rose
Lake Wildlife Research Center, Lansing, Michizan, The carcasses
Wete mansported to the wildlife research center and, upon teccipr, they
were neeropsied and the cause of death was determined. Samples of
liver, muscle, Far kidney, and gallbladder (ftom nondecomposed
carcasses) were weapped in solvent<cleancd aluminum foil and stored
at —20°C vanl analysis. The gallbladder was flled with bile when
collected.

Chemical Analysiy

Tissue samples of fish, russel, amphipods, and slgse were analyzed by
a solid-phase extraction (SPE) method, Approximately 1 g of sample
was cut into smull pieces, and 5 ml of Milll-Q water was added.
Samples were then ground using an Ulra-Turmms Hssue homogenizer,
To | mL of the cxtract taken in o polypropylene mibe, § mL of ace-
tonitrile was added; the tube was shuken for 20 min. The homogenate
was then centifuged at 2000 pm for 10 min. The supernatant (ace-
tonitrile layer) was decanted into 2 polypropylene tube containing 40
ml of Milli-Q water, PFOS, PFOSA, PFOA. nad PRAS were extracted
from the samples using C18 SPE exmaction cartridges (1 g, Scp-Pak
§ ce i-functional Cpy; Waters, Milford, MA), Sample flow rate was
maintained at 5-7 mL/min. SPE carmridges were conditioned by
washing tvice with approximately 5 wL of methanol, followed by
approximately two S-mL aliquots of water; care was tiken got 1o allow
the column t© mn (o dryness after ench wash. Altar condidoning,
samples were passed through the carmidge, which was then allowed to
dry. Carmidges were then’eluced with 0.5 ml. methanol,

Buld eagle liver, kidney, muscle, testes, ovares, and gallbladder
wore analyzed using an jon-pale exoaction method described alse.
where (Hansen er al 2001; Kunnan ef al, 200]2), Similarly, Bvers and
cg3s of Chinook salmon and lake whitefish, muscle tissue of carp,
ezzs of brown teout. livers of frog and mink, ynd plusina of snapping
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Table 1. Concenfrations of PEOS, PEOSA, PFOA, and PFHS in water (ng/L) and benthic orgonismas (ng/e. wet weight) of a Great Lakes food
chain »

Location Species/specimen PFOS PFOSA  pPrOA PFHS  Remarks (size, dare)
Raisin Rjver Water (nz/L) 3.5 <10 147 <1 Near Monros, Mar 2001
Beathic algac 2.4 <l <02 =2 Near Ford Plant, Scpt 99
Amphipods 2.9 <2 < <1 Near Ford Plant, Sept 99
Zebra mussel 3.1 2.7 <5 <1 820 mm, Oct 98
<2 3.8 <5 <1 10-19 mm. Aug 39
Crayfish 4.3 16 <02 <2 Sep 99. 61-66 mm
Round gobics 1.2 1.6 <0.2 <2 Neur Edison, 70-96 mm, Scpt 99
72 2.1 < <1 77-87 mm, Oct 98
6.6 .18 <02 <2 Port of Monroe, Y5~109 rom, Oct 9§
Smallmouth bass 413 2.7 <2 <l 5698 tm, Sept 98
2.0 L2 <2 <1 69-146 mm. Scpt 99
© 3.6 14 <2 <l 174210 mm, Sept 98
5.8 1.8 <2 <l 250-257 mm, Sept 99
7-6 2.4 <2 <l 256~314 mm, Sepc 98
19.3 4.1 <2 <l 343-406 mm, Sepc 98
8.6 1.2 <2 <l 349-357 mm, Sept 99
. ) 17.8 <l <2 <l 414416 mm, Sept 99_ |
St Clair Rivér ' Warer (ag/L) (n = 3) 2.6 (19-39) <10 44(40-50) "<~ " aprafoi O 77
Bentlic algae 26 . <] <0.2 <2 Murine City, July 99
Amphipads < < <5 <1 Marige Ciry, Sepr 99
Zebra mussel <2 < <5 <1 Madue Ciry, 12-24 mm, Nov 98
Craytish 24 14 <0.2 <2 Marine City, 40-75 mum, Scpe 99
Round gobies 19.1 34 <0.2 < Marine City, 77-82 mm, July 99
7.7 L <02 <2 Belle River, 77-83 mm. Sept 98
9.6 1.8 <0.2 <2 Marine City, 82-102 mm. July 99
14.9 1.8 <0.2 <2 Belle River, 83-102 mm, Sept 98
8.9 1.9 <02 < BeTle River, 112-120 mm, Scpe 98
21.5 5.2 <02 <2 St.Clair River, 122-140 mm, Sepr 99
8.7 <1 <0.2 <2 Marine City, 128133 mm, Tuly Y9
7.7 1.1 <0.2 <z Belle River, 159 mm, Scpt 98
Smallmouth basg < 63 <« <l 174-203 mim, Aug 99
2.7 1.1 a3 <1 312-368 rmm, Oct 98
Calumet River
Benthic algae 3.1 <] =02 2 Calumet Huarbor, July 99
Amphipods < < <5 <l Calumet Harbor, July 99
Zcbra mussel <2 <2 <S <1 5-23 mm, Sept 98
<2 <2 <3 <l 8-21 mm, Sept 98
<2 <2 <5 <l 102} oo, Tuly 99
Crayfish 3.7 <1 <0.2 <2 Calumet Harbor, 41-100 mm, July 99
Round gobies 4.1 <1 <02 <2 Calumet Harbor, 77-92 mm. July 99
Smellmourl basg 5.1 <1 <02 Q Calumet parl, 256-314 mm, My 98
7.6 <l <2 <l Calumet Harbor, 335-355 mm, Aug 99
25 <l <2 <i 380-390 mm, May 58
2.6 <l < <l 415425 mm, May 98

PFOS = perflugroocunédsulfonate; PEOSA = perfluarooctany sulfonamide;

PFOA = perfluorooctanoare; PFHS = perflucrohexanesulfonate.,

rurtles were analyzed by the jon-pair exmaction method. Bricily, ho-
mogenares of the Hssuc matrices were prepared in 5 mL of water, One
millilicer of 0.5 M temmabutylarumoninm hydrogen sulfate solurion and
2 ml of sodivm carbonate bulfer (0,25 M, pH 10) wece added ta 1 ml.
of plasma or Wssue homogenate u a polypro pylene mbe, and the be
was theughly mixed for exwaction. Five milliliters of methyl-rerr-
buryl ather (IMTBE) was added to the above mixiare and shakea for
20 min. After cenuifugadoq, the MTBE layer was mansfured inlo
another polypropylene tbe, The solvent was evaporated oader
uirtogen and replaced wita | L of mathanal, This exwoce was possed
chrouzh 4 nylon mesh filter (0.2 pm) into in FPLC vial.

Warer sumples were analyzed following the SPE method deseribed
elsewhere (Yamashita ef af 2004), Warer samples were allowed to
settle, and particulate mater was kept 1o a minimum tor extracton.

Brietly, a sample nlicgms of water (100 mL) was passed through the
preconditioned Oasis® HLB (60 mg, 3 cc) carmidges (Waters Car-
povadon, Milford, MA) ar amate of 1 dmoplece., The eartridges were not
allowed to dry out prior to passing water samples, The cartidaes were
then washed with 1 b of 409% methunel in water, which was dis-
carded. The target analytes were cluted with 5 ml of methiancl, and
werc colleeted in a polypropylenc tibe, The solvent was svapormted
under a gentle steeam of pure airogea w0 1 ml for HPLC-MS/MS
analysis. Parricles that appeared in the 4nal solution of u few of tie
water samples were removed by Bltration uxing a nylon gyrings filter

Quantitative amalyses were performed by monitoring g single
product lon selected from a primary ion chameteristic of 4 purticulur
Huorochemical using HPLC-ES/MS/MS, For example, moleevlar jon
m/z = 499, selected us the primiry ioa for PFOS (C3F 75047 anal-
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ysis, was fagmented fucther Lo produce fon m/z = 99 (FSO57). The
charycradsic product jon (/z = 99) was monitored for quantiative
anulysis. Quantitation of the target agalytes was bused on quadratic
tepression Gt anulysis weighted 1/x of a single unexteacted curve for
each grong of tssue samples. High or low points on the curve were
deactivated, {f necassary, 1o provide a better Unear fit over the curve
tange most appropriate to sauples. Low points oa the curve with pealk
arcas less dhan that of the average response from the procedural blants
were desctivated, to disqualify a data renge that may have been sig-
aificantly atfected by hackgroimd levels of the analyte, Quantiation
of euch analyte was based on the tesponse of one specific product inn
using the multiple icdeton-menitoting (MRM) mode of the instu-
ment. Unextracted calibration standards were prepared ar approxi-
mutely 0.10 ng/ml-750 ng/mL for analysis, The coefficienc of
determinaton () of each smndard curve wag 30,99,

Specificity for analyte identification was demionsiraed by chro-
matographic rercodon time and mass speetral daughter ion charac-
terization. Additivnal confirmatory test were performed for PFOS. In
the clectrospray tndem mass spectiomelry (ES/MS/MS) system, the
499 Da —> 80 D munsition can provide & stwonger signal than the
499 Dn ~> 99 Da mansition of the PFOS analysis. However, in the
analysis of tssue samples collected from some species, an vnidenti-
fied intexforent may be pregent in the 499 Da ~> 80 Da wansidon,

Although this Interferent i3 rarely observed, quantiration was based og *

the 499 Da —> 99 Da transition to cngure complete selectivity. To
conlirm the identity of PFOS in sumples conwining >70 ng/g (>10 og/
ml.), at least two ransitions were monitoced and were required to
show quantittve ageement to within =30%, Typically, 499 > 99 and
499 > 80 mnsitions were monitored. On the oceasions when those two
wunsitions differsd by morte than 30%. the sample was reanalyzed by
monitoting for the 499 > 30, 499 > 99, and 499 % 130 transitions. If
the 499 > 130 and 499 > 99 mansivions showed quanitative agresment
to within =30%, the PFOS concentradon was considered confirmed.
A well-characrerized mawrix of cabbir liver was used as SWTOgAE
tissuc for matrix blanka, All water blank peak arcas were less than or
equal 1o half the peak aren of the limit of quantration (LOQ) for the
compounds of inrarest, The LOQ is equal 1o the lowest ucceptable
standard in the calibration curve (defined as 1 standird within +30%
of the tieocetical value), and has a peak ares two tmes greater than
the analyw peak ares dewered n the average of the warer blanks.
Beeauge low levels of the target analytes age ubiqeitous in the Jabos
ratory, (€ is imperative that these criteria for LOQ determinaton be
observed. The LOQs for perfluodnated compounds in biological
matrices analyzed vsing the SPE method sanged from | o 10 ng/g,
wet wt The LOQs tor the samples analyzed using the lon-pair
cxmcton methad ranged from 7.5 0 75 ng/g, wer wr. Flucropolymer-
eontaining vial caps and-sample containers were avoided.
" Several mutrix ypikes wers propircd for tissue samples. These
ussues wes spiked with target compounds at levels of 1. 1.4, 3, 4, 10,
and 14 nglg for amphipod, 2ebra mussel, benthic alpae, crayfish,
vound gobies, and smallmenth bags muscle, respectively, and were
passed through the whole apalytcal procedure. Mink livers wers
spiked at 600 ng/g level. Recoveres of PFOS ranged fom 67% in
benthic alme to 136% in bass muscle, Recoveries of PFHS varied
from 65% to 140%. Recovedes of PFOSA and PFOA were less than
50% in most cases and varied widely, Theselore, the reporred values
for PFOSA and PFOA ire considered semiquanfitative, The reported
cpncentrutions wese not currscted [or recoverivs, The measorement of
accuracy available at this time, matrix spike grudies, indicates that the
data for water, benthic algse, amphipods, zebra mussel, crayfish,
round gobies, sad smallmouth bass are within =50% for PFOS and
PFHS. PFOS dam for Chinook galmon, loke whirefish, brown trout,
cawp, snapping turtle, frog, miak, and bald eagle desucs should he
considered accurate within £30%. Becuuse of the vasagions in
secoveries and accugacy of PFOS analysis, a biomagnificadon factor
(BMF) or 2 ar less should be considored insigntficaat.

K. Kannan & al.

Results and Discussion

PFOS was the most commonly detected fluoroorganic com-
pound in various organisms of the Great Lakes food chain
examined (Table 1). PFOS and PFOA were found in water
sampley from ull of the locations, at mean concentrations of
2.6-17 and 4.4-22 ng/L respectively. Concentrarions of PEOS
in wuter samples were within the range of <0.8-30 ng/L. re-
ported for several Michigan surface waters (Sinclair er al
2004). Concentrations of PEQA, were shightly higher than those
of PFOS in water samples. The measurcd concentrations of
PFOS and PFOA were similar to those reported for inland and
coastal waters of Japan (Taniyasu ef af. 2003: Saito er al.
2003), bur severalfold lower than those reported for areas
impacred by Jocal sources of contarnination (Schultz et al
2004; Hansea er al, 2002; Moody er al. 2002).

Concentrations of PFOS in lower trophic-level organisms in

the food chain arc on the order of & fow DANOFTAMS pPol graim

(ppb). This is approximately threc orders of magnitude greater
than the concentrations found in surfacc watcrs, For example,
the concenmation of PFOS in a water sample from the Raisin
River was 3.5 ng/L., whereas that in benthic algae, amphipods,
and zchra mussels was in the range of 2.4-3.1 ng/g, wet
weight, This suggests 2 bioconcentration factor (BCF) of
PFOS of approximately 1000. Based on the water concentra-
ton of 3.5 ng/L and a whole-body PFOS concenmaton in
round gobies of 83 ng/g, wer weight, a BCF of 2400 was
calculated. This value is within the range feported for lake
Tout exposed to PFOS under laboratory condidons (Maztin
et al. 2003). BCFs of PFOS were reported 0 be 1100 in car-
cags apd 9400 io liver of rainbow trout cxposed under labo-
ratory conditions (Martin ef al. 2003). Despite the occumence
of PFOA in water samples, this compound was not found in
the tissucs of any of the benthic organismy analyzed aca LOQ
of 0.2-2 ng/g. This may be due to a low bioconcentration
porential of PFOA. The BCF reported for PFOA in rainbow
wout exposed under laboratory conditions ranged between
4 and 27, this range s 1000-fold lower than that reported for
PFOS (Martin er al. 2003).

In general, conceatrarions”of perfluorinated compounds
were low in lower trophic-level organisms such as amphipods
and zebra mussels (e.g., <2—4.3 n/z, wet weight) and rela-
tively higher in tound gobies and smallmouth basg (eg.,
2413 ng/g, wer weight), Mean concentrations of PFOS in
round gobies and smallmouth bass from the Raisin River were
8.3 and I3.3 ngfg, wet weight, wspectvely. The concentm-
tons of PFOS in round gobies and smallmouth bass were two-
to foutfold higher than those found ju benthic algae and
crayfish, suggesing a BMF of two to four between algac/
crayfish and round gobies. However, no marked variation was
aoted for the concentrations of PFQS among the three benthic
organisms analyzed; algoe, ampbipods, and zebra rmussels,
Simularly, couccptratons of PFOS were not significandy dif-
ferent amonyg the three locations investigated No gize.related
differences in the concentravions of PFOS in round gobies or
smallmouth bass could be discerned. The mean concenwation
of PFOS in round gobies from the St. Clair River was 12.3 ng/
g, wel weight, which was grearer thaa the concentratons found
in smallmouth bass collected from the same locarion, Simi-
lacly, concenmadons of PFOS in round gobies and in small-
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Table 2. Concentrstions of PEOS, PFQSA, PFOA, and PEHS (ng/g, wet wr) in fish from Michigan warers, USA
Species Tissue Location PFOS PFOSA ProA _PFHS
Chixook salmon (o = 6) Liver "Webber Dam, Grand River 100 (32-173) <19 <72 <17
Lake whirefish (n = 5) Liver Thunder Bay, Lake Huron 67 (3381 <19 <72 <17
Lake whitefish (v = 2) Eggs Thunder Bay, Lake Huron 263 (145-381) <19 <36 <34
Brown wout (5 = 3) Eggs Marquette, Lake Supsrior 64 (49-75) <19 <l8 <34
Carp (n = 10) Muscle Saginaw Bay 124 (39-297) <19 <36 <3a
Notew: Valuss below LOQ are denoted by '<’; Values below (he detection limit wers oot included in the catimation of wean (in parentheses).

For abbreviation, see Table 1,

Tuble 3. Concentrations of PEOS, PEFOSA, PFOA. ind PELS (ng/g. wer wt) in livers of mink and green frog collecred from Kalamazoo, and in

plasma (op/ml) of snupping turles fom Matomb County, Michigim

Sample PFOS FPFOSA PFOA PLHS Remarks (scx, location, age, weight)
Mink (m=7) 18000 (1280-59,500) 103 (<2~181) <2-3.33% 21 (7.5-40) Male, Kalamazoo River warershed,

’ age 05-3 yrs, 0.7-1.1 kg
Mink (n = 1) 41 <2 12.2 6.3 Female, Kalamazoo River warershed
Green frog-(n = 2) . 168 (50-285). .18 LS L eeT2 + Rbee s Lo Aduln.Calkin®g dam - -- . _ -
Green frog (0 = 2) <35 <19 <72 <6 Adult, 1181k pond and Swan Creck
Snapping turtle (n = 2) 157 (105-169) <1-15.5* .5 <l Adulr male, 8.9-9.2 kg
Smunpping turtle (o = 3) 6.13 (<1-3.3) <1l <25 <l Adult female, 3.2-5.8 ky

Note: Valuos below the detecdon limit were not included in the meuns (in parcothescs).

* Only one detectable observation.
For abbreviation, see Table 1,

mouth bass were similar (4.1 and 4.5 ng/g, wet weight
respectively) o samples collected from the Calumet River.
The apparcnt lack of biomagnification of PFOS from round
goby to smallmouth bass could be due to the fact that the
whole body was analyzed for round gobies, wheteas only
muscle tssue was analyzed for smallmouth bass, Therefore,
the comparison of PFOS concentations between these two
species is not direct. Because PFOS binds to proteins (rather
thun lipids) and accumulates in liver and blood, a whole-body
analysis would be needed ro estimate biomagnification po-
tential in bigher trophic-level organisms. However, analysis of
whole body would be a daunting task for large animaals such as
salmonid fishes, mink, and predatory birds.

Because perfluorinated compounds preferentially accurmnu-
late in livers, this tissue was analyzed frora Chinook salmon
and Jake whitefish collected frorn Michinan waters. The con-
centrations of PRFOS in livers of these predatory fish were
compared with rhose of prey species such as zebra mussels.
round gobies, and amphipods (Table 2). Livers of Chinook
salmon collected from the Grand River contained un Average
PFOS conceatcation of 100 ng/g, wer weight, a level approx-
umately J0- to 20-fold 2reater than thac found for round gobies,
The mean concentration of PFOS in livers of lake whitefish
(67 ngfe, wet weight) collected from Thunder Bay, Lake
Huron was 6« to 8-fold greater than that found for round ao-
bies. and 10- to 20~fold greater than those found in 28bra
mussels and amphipods. The diet of lake whitefish includes
Zebra musscls and insect larvae, whereas the diet of Chinook
Ssalmon includes small. fishes such as minnows, alewife, and
smelt (Rybicki and Clapp 1996). Carp from Saginaw Bay
contained conecntrations of PFOS us great as 297 agfs, wet
weight, in muscle tissuc (Table 2), Catp foed primarily on

zebra mussels and trout eags (Marsden 1997), Also, telativaly

high concentrations of PFOS were found in the cggs of fish
(Table 2). Concentrations in eggs were higher than those
found in the livers of lake whitefish. This suggests preferential
binding of PFOS to egg albumin, and transfer of this com-
pound to the egys. Thus, in oviparous organisms, femalcs may
excrete considerable burdens of perfluorinated compounds via
egg laying, Early life stages of organisms are vulnerable to the
effects of chemical exposures. Occurrence of great concen-
Irations of PFOS in eggs suggests exposure of the young
developing from these cggs. Grest concenmutions of PFOS
have been repotted 0 occur in the cggs of fish-cating warer
birds (Giesy and Kannan 2001; Ratmer er al, 2004),

It is also worth that PFOSA was found in several lower
aophic-level organisms ncluding zebra mussel and round
gobies. However, PFOSA was not fonnd ig the Jivers of higher
trophic-level fish such as Chinook_salmon. PFOSA is on
intermediare meabolite during the ransformation of Precursor
molecules such as n-ethyl perfluoroocranesulfonamidoethano]
or n-merthyl perfluorooctanesulfonamidoethanol, which are
used as surfactunts in a variety of products. Transformation of
n-cthyl perfluorooctanesulfonamide to PFOS and PFOSA. by
rainbow trout microsomes has been Ieponted (Tomy er gl
2004).

High concentrations of PFOS were found in the livery of
mink collecied from the Kalamazoo River watershed
(Table 3). A concentration of 59,500 ag/g, wet weight, was
tound in the liver of an adult male mink. This is the highest
covcenration sepocted for PFOS jm any aquatc orgauisia
studicd thus far, Concentrations of PFOS in mink from the
Kalamazoo Rjver watershed were 10 to 20 times greater thaon
those in the livers of mink from Illincis and Massachusers,
USA (Kannan er al. 2002¢). The mean concentration of PFOS
in lver from male mink was 18.000 ny/g, wet weight. This
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Tabie 4. Coucearations of PFOS, PFOSA. PFOA. and PELS (@g/g, wel wr) in various tssues of bald eagles coulected Fom Upper Pexninsula of
Micbigan in 2000, USA .

Fagle no. Tissuc PFOS PPOSA PFOA PFHS Remarks (sex, locaton, cause of dearh)
Bald eagle | (373) Liver 1740 <75 <I9 <19 Adulr male, Ceeil Bay, died of bacredal infecion
Kidney 1480 <75 . <33 <19 '
GaJl bladgder 1490 <75 <38 <19
Muscle 96.2 <75 <38 <19
Bald cagle 2 (374) Liver 394 <75 <19 <19 Adult male, Ironwood, died of wauma
Testes 183 <75 <38 <I9
Bald eaple 3 (377) Muscle 79.3 <73 <38 <19 Juvenile female, Mackinae. perilonits
Kidney 446 <75 <38 <19
Bald eagle 4 (378) Muscle <7.5 <75 <33 <19 Juvenile female, Menominee County, trawms,
Liver 75.4 <75 =19 <19
Kidoey - 74.6 <75 <38 <19
Ovary 68.0 <75 <38 <19
Bald eagle 5 (379) Muscla 139 <75 <38 <19 Adult female, Paint River, trauma
Liver 79.1 <75 <19 <19
Bald eagle 6 (3381) Muscle <75 <75 <3¥ <19 Adult male, Fence River, trauma
Liver 26.5 <33 <38 <38
Kidney 35 <75 <33 <9
Bald eagle 7 (382) Mouscle <7.5 <75 <38 <19 Juvenile female, Kallio, rauma
Liver 472 <38 <19 <33

For abbreviation, sce Table 1.

value 1s 100 dmes greater than those measured in Gish or other
aquadc benthic organisms analyzed, Prey items of mink in-
clude small mammals such as shrows, muskrats, fish (such as
crayfish, carp, smalimouth bags), and turtles. PFOSA, PFOA,
and PFHS were also found in the livers of mink, However,
concentrations of these compounds were two to three orders of
magnitude less than the concentrations of PFOS, Water yam-
ples collected from several locations in the Kalamazao River
also contained PFOS concentrations 5- to 10-fold srcater than
those from the Raisin and St. Clair Rivers in Michigan (Sin-
clair er al. 2004), Conceutwations of PFOS in livers of mink
were 1 X 10° fold greater than the concentations measured
from wartey from the Kalazamoo River (17 ng/L, Sinclair er al.
2004). A PFOS concentration as bigh as 285 ag/g, wet weight,
was found in the livers of frogs collect=d from the Kalamazoo
River. The occurrence of high concentratons of PFOS in mink
frorn the Kalamazoo River suggests the prescuce of local
sources of this compound.

Blood plasma of snapping turdes collected from Macomb
County ‘near Lake St. Clair containcd comsiderable concen-
aations of PFOS (Table.3). PFOS concentrations ranging from
105 to 169 ag/ml. (mean: 137 ng/mL.) in males and from <I to
8.8 ng/ml (mean: 6.13 ng/mL) in females werc found, This
considerable gender differvnee in the concentradons of PEOS
in snapping rurdes suggesis ovipatous trmsfer of PEOS via
cgg laying, similar to that obscrved for fsh. As mentioned
earlier, all of the female turdes collected in the study were
adults, and necropsy revealed the presence of large mass of
ESSS_

PFOS was also found in the tissucs of bald eagles collected
from the Upper Peninsula of Michigan (Table 4). Qccurrence
of PFOS in ovaries, testes, kidneys, and muscle Suguests per-
fusiou of this compound in various body dssues. Earlicr
studies teported the occurcence of PEOS in bruin Hssues of
laborutory-exposed rats (Ausan er af, 2003). In buld eagles,
lHver contained the areatest concentraron of PEOS. although

concentrations in kidncys were almost as high as those found
in the livers. The highest concentration of PFOS, 1740 ng/g,
wet weight, in the liver of an adult male bald eagle was
approximarely 10- to 20-fold greater than those found In the
livess of Chinook salmon or muscle of carp analyzed in this
study. The mean concentration of PFOS in the Jivers of bald
=agles was 400 ng/g, wer weight, which is four- to fivefold
greater than the concenrrations found in several bigher trophic-
level fish analyzed in this smudy. In addidon to livers, blood
plosma from pestling bald eagles also contained great con-
centrations of PFOS (Kamman er al 20014). A PFOS concen-
tration as high as 2220 ng/mL has been reported in the plasma
ol bald eagles from Wisconsin, USA (Kapnag ¢ al, 2001a). A
saxple of gullbledder of an adult male bald eagle wiso con-
tained a PFOS concenvation similar to that found in the Lver.
PFOS has been seported to accumulare in gallbladder, simi-
larly 1o bile salts, and to underge enterchepatic circulation
(Tohnson «¢ al. 1984), due to its stucmral similarity 1o bile
acids containing both lipophilic and hydrophilic regions.

Assuming that PFOS concentratiops measured in gallblad-
der reflect the concentrations in bil, biliary excretion of PFOS
can be estimated. The biliary excretion rate can be caleulated
as:

Biliary excretiourate (% per day) = [Amount in bile(pg)
" +Amountin body(ps)]
+100

For this estimation, data for muscle, liver, and gallbladder

* from a single individual were used (no. 373; Table 4). The

excretion rate was caleulated on the basis of the amount
(burden) of PFOS in liver, kidney, muscle, and blood, ind the
amount (burden) in bile/galibladder. The body weighr of the
eagle was 3.5 kg, It was nssumed that liver, kidney, and blood
account for 4% cach of the rotal body mass and thar muoscle
dssue accounts ot 30% of e body mass, The PFOS con-
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cenmadon in blood was assumed to be similar to that in the
liver. Daly bile cxcretion was assumed to be 10 g. Based on
the concenmations of PFOS jound in liver, Kdoey, blood, and
muscle, the total body burden of PFOS in this eagle was
estmted to be 800 jig. The burden of PFOS in bile was 14.9
1g. Bascd on these figures. the excretion rte of PFOS was
esumared to be 1.9% per day, which is approximately two to
theee orders of magnimde greuter than the rates estinated for
persistent organochlorine pollutants such as PCBs and DT
(Senthillumar et al. 2002). This result may sugaest thar PROS
i3 excreted relutively tapidly from: the body. However, unlike
persistent organochlorine pollutants, binding of perfluorinated
compounds o proteins and retention by enteroheparic circu-
Laton are the major factors that determine accumulation aud
retention in biota

In summary, these results suggest the occarrence of PEOS in
lower wophic-level benthic invertebrates of a Grear Lakes food
chain. Concenreations of PFOS m benthic invertebrates and
also in round gobies were 1000-fold greater than those in sur
roubding witer. PFOS tends to biomiagnily in ligher trophiic-
level fish such as salmonids. A BMF of 10-20 way determined
berween round gobies and Chincok sulmon liver, Concentra-
tions of PFOS were the greatest in mink and bald cagles. A
BMF of 5-10 was observed betwren sulmon liver and sagle/
mink livers, Based on the fact that higher wophic-level organ-
isms have greater capacity to metabolize environmeartal con-
taminants han do lower trophic-level organisms, precussor
compounds (e.g., n-ethyl/n-methyl perfluoraocrapesulfonarmi-
doethanol) of PFOS that are present in lower tophic-level
Organiims as unmetabolized or partially merabolized molecules
serve as a contributory source of PFOS for higher ophic-level
organisms. This may be a source of 2mor in e sstimation of
BMF in this study. Further swdies are necded to cvaluate the
occurrence sad metabolism of precursor compounds of PFOS
and other related fluorinated compounds in aquatic orzanisms.
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